The proper formation and morphogenesis of dendrites is fundamental to the establishment of neural circuits in the brain. After exit from the cell cycle and migration to the appropriate location, postmitotic neurons undergo carefully orchestrated steps in dendrite morphogenesis, including the generation and elaboration of extensive dendrite arbors followed by dendrite retraction and pruning 1,2 . These steps in dendrite patterning are necessary for the accurate formation of neuronal circuitry. Defects in dendrite patterning may result in severe neurodevelopmental disorders 3, 4 . Although the molecular basis of dendrite growth has received scrutiny 5-8 , the signaling mechanisms governing the transition from dendrite elaboration to pruning and retraction have remained poorly understood.
a r t I C l e S
The proper formation and morphogenesis of dendrites is fundamental to the establishment of neural circuits in the brain. After exit from the cell cycle and migration to the appropriate location, postmitotic neurons undergo carefully orchestrated steps in dendrite morphogenesis, including the generation and elaboration of extensive dendrite arbors followed by dendrite retraction and pruning 1, 2 . These steps in dendrite patterning are necessary for the accurate formation of neuronal circuitry. Defects in dendrite patterning may result in severe neurodevelopmental disorders 3, 4 . Although the molecular basis of dendrite growth has received scrutiny [5] [6] [7] [8] , the signaling mechanisms governing the transition from dendrite elaboration to pruning and retraction have remained poorly understood.
The calcium/calmodulin-dependent protein kinases (CaMKs) represent a critical link between the external environment and cellular responses in neurons. CaMKII is one of the major CaMKs in the brain, representing 1-2% of total brain protein [9] [10] [11] . CaMKII exists as a holoenzyme composed of multiple subunits, which form a complex through their association domains [12] [13] [14] [15] . Brain CaMKII predominantly consists of the α and β isoforms, which form heteromeric or homomeric complexes [16] [17] [18] . Previous studies have focused on the functions of CaMKIIα [19] [20] [21] [22] . However, a specific role for CaMKIIβ as a protein kinase in the mammalian brain remained unknown.
In this study, we report that CaMKIIβ has a distinct and specific function in the regulation of dendrite patterning in the mammalian brain. We identify a unique centrosomal targeting sequence (CTS) within the variable region of CaMKIIβ but not CaMKIIα.
The CTS mediates the specific interaction of CaMKIIβ with the centrosomal targeting protein PCM1. Consequently, PCM1 localizes CaMKIIβ to the centrosome, where CaMKIIβ drives dendrite retraction and pruning independently of CaMKIIα. Notably, we uncover the ubiquitin ligase Cdc20-APC as the centrosomal substrate of CaMKIIβ. CaMKIIβ phosphorylates the APC coactivator Cdc20 at Ser51 in neurons, which induces Cdc20 dispersion from the centrosome, thereby inhibiting centrosomal Cdc20-APC activity and triggering a switch from growth to retraction of dendrites. Our findings define a CaMKIIβ pathway that regulates ubiquitin signaling at the centrosome and thereby orchestrates dendrite patterning and hence the establishment of neuronal connectivity in the mammalian brain.
RESULTS

CaMKIIb regulates dendrite patterning in mammalian neurons
To characterize the role of CaMKIIβ in neurons, we used granule neurons of the developing rat cerebellar cortex. Granule neurons are the most abundant neurons in the brain and follow a highly typified spatial and temporal program of differentiation characteristic of neurons in the central nervous system, providing a robust system for studies of neuronal morphogenesis and connectivity [23] [24] [25] . Using an antibody that specifically recognizes CaMKIIβ, we first confirmed that the distinct isoforms of CaMKIIβ (β, β′, βε and β′ε) are expressed in primary granule neurons, and protein levels increased with maturation (Fig. 1a) .
a r t I C l e S
To determine the function of CaMKIIβ in neurons, we used a plasmidbased method of RNA interference (RNAi) to acutely knockdown CaMKIIβ expression 26 . Expression of two short hairpin RNAs (shRNAs) targeting distinct regions of CaMKIIβ reduced the expression of exogenous CaMKIIβ but not CaMKIIα in COS simian kidney cells (Fig. 1b) , and robustly decreased the expression of endogenous CaMKIIβ but not CaMKIIα in granule neurons as determined by immunoblotting and immunocytochemistry ( Fig. 1c and Supplementary Fig. 1a-c) . To assess the role of CaMKIIβ in neuronal morphogenesis, we induced the knockdown of CaMKIIβ in granule neurons and examined axons and dendrites, which are easily identified based on their morphology and immunocytochemical markers 27, 28 . Notably, CaMKIIβ knockdown in granule neurons stimulated the elaboration of dendrites, which were characterized by longer primary dendrites and more secondary and tertiary dendrite branching ( Fig. 1d and Supplementary Fig. 1d ). Accordingly, CaMKIIβ knockdown increased total dendrite length by up to 76% in granule neurons (Fig. 1e) . By contrast, CaMKIIβ RNAi had little or no effect on axon length (Fig. 1f) . In other experiments, CaMKIIβ RNAi had little or no effect on cell survival in granule neurons (Fig. 1g) . Together, these results suggest that CaMKIIβ knockdown specifically stimulates the elaboration of dendrites in granule neurons.
To confirm that the CaMKIIβ RNAi-induced dendrite phenotype was the result of specific knockdown of CaMKIIβ, we performed a rescue experiment. We generated an expression plasmid encoding CaMKIIβ that is resistant to RNAi (CaMKIIβ-RES) (Fig. 1h) . Expression of CaMKIIβ-RES, but not CaMKIIβ encoded by wild-type cDNA (CaMKIIβ-WT), restored the typical appearance of dendrite arbors and reduced dendrite length and branching in the background of CaMKIIβ RNAi to that of control transfected neurons (Fig. 1i,j and Supplementary Fig. 1e ). These data suggest that the CaMKIIβ RNAi-induced dendrite phenotype results from specific knockdown of CaMKIIβ rather than off-target effects of CaMKIIβ RNAi. In other experiments, expression of a constitutively active form of CaMKIIβ, in which the site of autophosphorylation Thr287 is replaced with the phosphomimetic residue aspartate (T287D CaMKIIβ), simplified dendrite arbors and profoundly reduced dendrite length and branching in granule neurons ( Fig. 1k and data not shown) . Thus, based on both inhibition of CaMKIIβ by rigorously controlled RNAi and gainof-function analyses, we conclude that CaMKIIβ restricts the extent of dendrite arborization and growth in granule neurons.
We next determined whether the function of CaMKIIβ in dendrite patterning is generalizable in mammalian brain neurons. CaMKIIβ knockdown in hippocampal neurons substantially increased the number of secondary and tertiary dendrite branches and thereby increased dendrite length (Supplementary Fig. 2a-d) . CaMKIIβ RNAi-induced dendrite elaboration in hippocampal (j) Total dendrite length for granule neurons treated as in i was quantified. CaMKIIβ-RES, but not CaMKIIβ-WT, significantly reduced total dendrite length compared to control vector in the background of CaMKIIβ RNAi (ANOVA, P < 0.005). In total, 360 neurons were measured. (k) Granule neurons transfected with constitutively active T287D CaMKIIβ or control vector were analyzed as in d. Total dendrite length was significantly lower in T287D CaMKIIβ-expressing neurons than in control vector-transfected neurons (t-test, P < 0.0005). In total, 180 neurons were measured. Error bars, s.e.m. a r t I C l e S neurons was reversed by CaMKIIβ-RES but not CaMKIIβ-WT, indicating the specificity of the CaMKIIβ RNAi-induced phenotype ( Supplementary Fig. 2e,f) . CaMKIIβ knockdown also stimulated dendrite elaboration in primary cerebral cortical neurons (Supplementary Fig. 3 ). These data suggest that CaMKIIβ inhibits the growth and arborization of dendrites in diverse populations of mammalian brain neurons.
To determine the cellular basis of CaMKIIβ regulation of dendrite patterning, we characterized the temporal dynamics of CaMKIIβ function in dendrite morphogenesis. We subjected individual granule neurons expressing constitutively active T287D CaMKIIβ and control vector-transfected granule neurons to time-lapse analyses. In control vector-transfected granule neurons, dendrites and their branches dynamically elongated and retracted during 48 h of analysis (Supplementary Fig. 4a,b) , with an overall cumulative increase in total dendrite length ( Supplementary Fig. 4c-e) . By contrast, T287D CaMKIIβ-expressing granule neurons rarely had periods of dendrite growth and almost exclusively retracted their dendrites ( Supplementary Fig. 4a,b) , which cumulatively reduced total dendrite length ( Supplementary Fig. 4c-e) . Analyses of individual dendrites yielded similar results, with individual dendrites in T287D CaMKIIβ-expressing neurons also retracting more often than individual dendrites in control granule neurons ( Supplementary  Fig. 4f-h) . In a complementary line of experiments, time-lapse analyses of individual neurons and dendrites revealed reduced periods of dendrite retraction and increased periods of dendrite growth, with an overall cumulative increase in total dendrite length in CaMKIIβ knockdown neurons (Supplementary Fig. 4i-q) . These data suggest that CaMKIIβ restricts the elaboration of dendrite arbors by triggering a switch from growth to active retraction of dendrites.
We next characterized the function of CaMKIIβ in regulating the minute dynamics of dendrite extension and retraction using live environment-controlled imaging analyses. Granule neurons expressing T287D CaMKIIβ or transfected with the control vector were imaged every 10 min for a 1 h period. In control neurons, dendrites had many extension events with few retraction events ( Supplementary  Fig. 5a ,b and Supplementary Video 1). By contrast, T287D CaMKIIβ-expressing neurons had many retraction events and few extension events (Supplementary Fig. 5a,b and Supplementary Video 1) . In a complementary line of experiments, live imaging analyses revealed a substantial increase in extension events and a substantial reduction in retraction events in neurons upon CaMKIIβ knockdown (Supplementary Fig. 5c,d and Supplementary Video 2).
CaMKIIb drives dendrite retraction and pruning in vivo
Having identified a crucial function for CaMKIIβ in the control of dendrite patterning in primary neurons, we next determined the role of CaMKIIβ in dendrite morphogenesis in the intact developing cerebellar cortex. We first used rat organotypic cerebellar slices in which the architecture of the cerebellar tissue is preserved. Using a biolistics method of transfection, we induced CaMKIIβ knockdown in postnatal day 6 (P6) cerebellar slices 27 . CaMKIIβ knockdown robustly stimulated dendrite elaboration in internal granule layer (IGL) granule neurons (Fig. 2a) , substantially increasing the number of secondary and tertiary dendrite branches as well as total dendrite length (Fig. 2a,b and Supplementary Fig. 6a) .
We next assessed CaMKIIβ function in the cerebellar cortex in the organism using an in vivo RNAi approach 28 . We electroporated P3 rat pups with a CaMKIIβ RNAi plasmid that also expresses green fluorescent protein (U6-CaMKIIβi/CMV-GFP) or the corresponding a r t I C l e S control RNAi plasmid (U6/CMV-GFP) (Fig. 2c) . Five days after electroporation, rats were killed and cerebella were analyzed immunohistochemically using the GFP antibody ( Fig. 2d) . At P8, IGL granule neurons in CaMKIIβ knockdown rats had longer dendrites with more secondary and tertiary dendrite branching than IGL granule neurons in control rats (Fig. 2e) . Morphometric analyses revealed substantially more secondary and tertiary dendrite branches and nearly twice the total dendrite length in IGL neurons in CaMKIIβ knockdown rats as in control rats ( Fig. 2f and Supplementary  Fig. 6b ). CaMKIIβ knockdown had little or no effect on parallel fiber patterning or the number of parallel fibers associated with IGL granule neurons ( Supplementary Fig. 6c and data not shown). Together, these data reveal a physiological, cell-autonomous function for CaMKIIβ in restricting the elaboration of dendrite arbors in the cerebellar cortex in vivo.
Because CaMKIIβ triggered active retraction of dendrites in primary neurons ( Supplementary Figs. 4 and 5), we reasoned that CaMKIIβ might also function in pruning of dendrite arbors in vivo, which follows the phase of dendrite growth and arborization 1 . To test this possibility, we analyzed the effect of CaMKIIβ knockdown on dendrite morphogenesis in P12 rat pups in vivo. In control transfected rats, IGL granule neurons had a few short dendrites with simplified arbors ( Fig. 2g and Supplementary Fig. 6d-g ), characteristic of the mature stage of dendrite differentiation in granule neurons. In addition, IGL granule neurons harbored dendritic claws ( Fig. 2g and Supplementary Fig. 6h ), which house synapses with afferent mossy fiber terminals and Golgi neuron axons 1,2,29-32 , providing further evidence of dendrite maturation in control P12 rats. In contrast to control rats, IGL granule neurons in CaMKIIβ knockdown rats had longer, more branched dendrite arbors (Fig. 2g) , with greater total dendrite length (78.3 ± 3.0 µm in CaMKIIβ knockdown rats versus 43.8 ± 1.5 µm in control rats; t-test, P < 0.0001), primary dendrite number (3.53 ± 0.10 in CaMKIIβ knockdown rats versus 3.01 ± 0.08 in control rats; t-test, P < 0.005) and secondary and tertiary dendrite branch number (1.13 ± 0.11 in CaMKIIβ knockdown rats versus 0.63 ± 0.07 in control rats; t-test, P < 0.005) ( Supplementary Fig. 6d-g ), suggesting that CaMKIIβ knockdown impairs dendrite pruning and blocks the differentiation of dendrites at the stage of exuberant arbors. Consistent with these observations, IGL granule neuron dendrites in CaMKIIβ knockdown pups had a lower percentage of dendrites bearing claws (31.9 ± 2.2% in CaMKIIβ knockdown rats versus 58.9 ± 2.5% in control rats; t-test, P < 0.0001) ( Fig. 2g and Supplementary Fig. 6h ). Together, these results suggest that CaMKIIβ is essential for dendrite pruning at later stages of dendrite morphogenesis in the cerebellar cortex in vivo. Similar results were obtained in P10 cerebellar slices ( Supplementary Fig. 6i,j) , corroborating the conclusion that CaMKIIβ promotes dendrite pruning during later stages of dendrite development in the cerebellar cortex. Collectively, our findings suggest that CaMKIIβ regulates the patterning of dendrites throughout development in vivo.
CaMKIIb functions independently of CaMKIIa at the centrosome
The identification of a role for CaMKIIβ in the control of dendrite patterning in the mammalian brain led us to determine the molecular basis of CaMKIIβ function in neurons. We exploited the ability of CaMKIIβ-RES to rescue the CaMKIIβ RNAi phenotype to perform structure-function analyses of CaMKIIβ in the regulation of dendrite morphogenesis. In contrast to CaMKIIβ-RES, a catalytically inactive mutant of CaMKIIβ-RES in which the ATP binding site was disrupted (K43R CaMKIIβ-RES) failed to restrict the elaboration of dendrites in the background of CaMKIIβ RNAi in granule neurons (Fig. 3a) , suggesting that CaMKIIβ requires the catalytic activity of the kinase to control dendrite patterning.
The kinase domain in CaMKIIβ was required to inhibit growth and stimulate retraction of dendrites, and yet CaMKIIα, whose catalytic domain is very similar to CaMKIIβ's, promotes dendrite growth and arborization 27, 33 . We therefore reasoned that CaMKIIβ but not CaMKIIα might be localized to a subcellular site that endows CaMKIIβ specifically with the ability to phosphorylate local substrates and restrict the elaboration of dendrites. CaMKIIβ harbors an F-actin binding domain (FABD) within the N-terminal portion of the variable region, but CaMKIIβ bound to F-actin seems to function independently of its catalytic domain as a scaffold protein that recruits CaMKIIα to F-actin [34] [35] [36] . Accordingly, deletion of the FABD (∆FABD) had little or no effect on the ability of CaMKIIβ-RES to restrict dendrite elaboration in the background of CaMKIIβ RNAi in granule neurons (Fig. 3b,c) . We next focused on the C-terminal segment of the variable region (CTRv), whose function is unknown. Notably, a CaMKIIβ-RES mutant in which the CTRv was deleted (CaMKIIβ-RES∆CTRv) failed to restrict dendrite elaboration in granule neurons in the background of CaMKIIβ RNAi (Fig. 3b,c) . These results suggest that the CTRv is required for CaMKIIβ-regulation of dendrite patterning.
To characterize the function of the CTRv within CaMKIIβ, we assessed whether the CTRv localizes CaMKIIβ to a distinct subcellular site where CaMKIIβ controls dendrite patterning. A GFPfusion protein of the CTRv appeared as a perinuclear punctate signal that colocalized with the centrosomal protein pericentrin (Fig. 3d) . In immuno-electron microscopy analyses, a pool of endogenous CaMKIIβ was present in the pericentriolar region in granule neurons (Supplementary Fig. 7a ). In complementary biochemical fractionation experiments using granule neuron lysates, a pool of endogenous CaMKIIβ fractionated with the centrosomal proteins γ-tubulin, Cdc20 and 14-3-3ε (Fig. 3e) . Notably, endogenous CaMKIIα did not appear in the centrosomal fraction despite the presence of CaMKIIα in the whole cell lysate (Fig. 3e) . Together, these data demonstrate that the CTRv represents a CTS that localizes CaMKIIβ to the centrosome in neurons.
If the principal function of the CTS is to localize CaMKIIβ to the centrosome, forcibly targeting CaMKIIβ lacking the CTS to the centrosome by a different means should restore the ability of the CaMKIIβ mutant to inhibit dendrite growth and stimulate retraction. We therefore generated a chimeric protein in which we fused CaMKIIβ-RES∆CTS at its N terminus to the PACT (pericentrin-AKAP450 centrosomal targeting) domain, which localizes proteins to the centrosome (PACT-CaMKIIβ-RES∆CTS) ( Fig. 3b and  Supplementary Fig. 7b ) 37 . Notably, addition of the PACT domain restored the ability of CaMKIIβ-RES∆CTS to restrict the elaboration of dendrites in the setting of CaMKIIβ RNAi (Fig. 3c) . In complementary experiments, replacing the variable region of CaMKIIα with the CTS (CaMKIIα-CTS) conferred CaMKIIα with the ability to robustly restrict dendrite elaboration in the background of CaMKIIβ RNAi (Fig. 3b,f) . Likewise, in contrast to wild-type CaMKIIα, expression of a PACT-CaMKIIα fusion protein restricted dendrite elaboration in the background of CaMKIIβ RNAi (Fig. 3b,f) . Collectively, these results suggest that the CTS endows CaMKIIβ with the ability to localize to the centrosome and control dendrite patterning.
The finding that CaMKIIβ regulates dendrite patterning from the centrosome, where CaMKIIβ but not CaMKIIα is localized, suggested that centrosomal CaMKIIβ might function independently of CaMKIIα in the control of dendrite morphogenesis.
a r t I C l e S
To test this hypothesis, we assessed the ability of a CaMKIIβ-RES mutant in which we removed the association domain (CaMKIIβ-RES∆Assoc) to restrict dendrite elaboration in the background of CaMKIIβ RNAi. In control biochemical analyses, deletion of the association domain abrogated the interaction of CaMKIIβ with CaMKIIα ( Supplementary Fig. 7c) . In morphology assays, deletion of the association domain had little or no effect on the ability of CaMKIIβ-RES to restrict the elaboration of dendrites in the background of CaMKIIβ RNAi in primary granule neurons and in cerebellar slices ( Fig. 3g and Supplementary Fig. 7d-f) , suggesting that the association domain is dispensable for CaMKIIβ control of dendrite patterning. Notably, as with full-length CaMKIIβ, deletion of the CTS or mutation of the ATP binding site (K43R) blocked the ability of the CaMKIIβ∆Assoc mutant to restrict the elaboration of dendrites (Fig. 3g, Supplementary Fig. 7d-f and data not shown). In immunocytochemical analyses of granule neurons, although full-length GFP-CaMKIIβ was localized throughout the cell soma and processes ( Supplementary Fig. 7g ), CaMKIIβ∆Assoc was enriched at the centrosome (Supplementary Fig. 7h) . Deletion of the CTS blocked centrosomal enrichment of the CaMKIIβ∆Assoc mutant (Supplementary Fig. 7h ). Together, our data demonstrate that centrosomal CaMKIIβ functions independently of multimerization with CaMKIIα to regulate dendrite patterning.
The targeting protein PCM1 localizes CaMKIIb to the centrosome We next characterized the mechanism that localizes CaMKIIβ to the centrosome. In view of the importance of the CTS in the localization of CaMKIIβ at the centrosome, we reasoned that the CTS might associate with a protein that targets CaMKIIβ to the centrosome. We therefore performed a yeast two-hybrid assay using the CTS as bait and a human fetal brain library as prey to identify CTS-interacting proteins. In these assays, we identified the centrosomal targeting a r t I C l e S protein PCM1 as an interactor of the CTS (data not shown). In coimmunoprecipitation analyses in cells, PCM1 formed a complex with CaMKIIβ but not CaMKIIα, and CaMKIIβ interacted with PCM1 in a CTS-dependent manner (Fig. 4a,b) . In addition, endogenous PCM1 formed a complex with endogenous CaMKIIβ within centrosomal fractions of granule neurons (Fig. 4c) .
To determine PCM1's role in targeting a pool of CaMKIIβ to the centrosome, we assessed the effect of PCM1 knockdown on the localization of CaMKIIβ∆Assoc, which does not interact with CaMKIIα and is enriched at the centrosome (Supplementary Fig. 7h ).
We found that knockdown of endogenous PCM1, achieved efficiently by two shRNAs targeting distinct regions of PCM1, led to the loss of centrosomal enrichment of CaMKIIβ∆Assoc in neurons (Fig. 4d,e) . These results suggest that PCM1 specifically localizes CaMKIIβ to the centrosome.
The requirement for PCM1 in localizing CaMKIIβ to the centrosome led us next to determine the functional role of PCM1 in dendrite morphogenesis. We found that PCM1 knockdown substantially increased dendrite arborization and growth in primary granule neurons (Fig. 4f,g and data not shown) . Figure 3d . The percentage of neurons lacking centrosomal enrichment of GFP-CaMKIIβ∆Assoc was significantly greater in PCM1 knockdown neurons than in control U6-transfected neurons (ANOVA, P < 0.005). In total, 394 neurons were analyzed. (f) Total dendrite length was significantly greater in PCM1 knockdown neurons than in control U6-transfected neurons (ANOVA, P < 0.0001). In total, 180 neurons were measured. (g) Granule neurons transfected with the PCM1 RNAi or control U6 plasmid together with PCM1-WT, PCM1-RES or control vector and GFP were analyzed as in f. Scale bar, 10 µm. (h) PCM1-RES, but not PCM1-WT, significantly reduced total dendrite length compared to control vector in the background of PCM1 RNAi (ANOVA, P < 0.0001). In total, 240 neurons were measured. (i) Rat pups electroporated in vivo with a U6-PCM1i/CMV-GFP RNAi or control U6/CMV-GFP plasmid were killed at P8 and analyzed as in Figure 2d . Scale bar, 10 µm. (j) Total dendrite length was significantly greater in IGL granule neurons in PCM1 knockdown rats than in control U6 rats (ANOVA, P < 0.0001). In total, 270 neurons were measured. (k) Rat pups electroporated in vivo with the U6-PCM1i-CMV-GFP RNAi or control U6-CMV-GFP plasmid were killed at P12 and analyzed as in Figure 2g . Scale bar, 10 µm. Inset: scale bar, 2.5 µm. Error bars, s.e.m.
RNAi-induced dendrite phenotype was reversed by expression of PCM1 encoded by an RNAi-resistant cDNA (PCM1-RES) but not wild-type cDNA (PCM1-WT) (Fig. 4g,h and data not shown), indicating the specificity of the PCM1 RNAi-induced phenotype. These results suggest that, like CaMKIIβ, PCM1 induces dendrite retraction. We also determined the effect of PCM1 knockdown on dendrite morphogenesis in the cerebellar cortex in vivo. We found that PCM1 knockdown triggered robust elaboration of IGL granule neuron dendrite arbors in P8 rat pups (Fig. 4i,j and Supplementary  Fig. 8a ). Analyses in P12 rat pups revealed that granule neuron dendrite arbors in PCM1 knockdown rats remained long and highly branched, containing substantially fewer dendritic claws than those in control rats ( Fig. 4k and Supplementary Fig. 8b-d) . Thus, PCM1 knockdown phenocopied the effect of CaMKIIβ knockdown in impairing dendrite pruning and blocking dendrite differentiation at a stage of exuberant arbors in vivo. In other experiments, PCM1 knockdown suppressed the ability of activated CaMKIIβ to stimulate dendrite retraction in granule neurons ( Supplementary  Fig. 8e ). Collectively, these results suggest that PCM1 is required for CaMKIIβ localization to the centrosome and hence the ability of CaMKIIβ to regulate the patterning of dendrites.
The ubiquitin ligase Cdc20-APC is a novel CaMKIIb substrate As the catalytic activity of CaMKIIβ at the centrosome was required for regulating dendrite morphogenesis, we next sought to identify the protein substrates of centrosomal CaMKIIβ in neurons. We considered proteins that have established roles in dendrite development, localize to the centrosome, and contain a consensus sequence for CaMKII phosphorylation. Recently, the major mitotic E3 ubiquitin ligase Cdc20-APC has been identified as a critical mediator of dendrite growth that operates at the centrosome in postmitotic neurons 38 . We found that the N terminus of the APC coactivator Cdc20 had several potential CaMKII sites, including Ser51 and Ser86, which conform to the CaMKII consensus sequence 39 . Consistent with the possibility that CaMKIIβ might phosphorylate Cdc20, CaMKIIβ and Cdc20 formed a complex in 293T cells and neurons (Fig. 5a,b and Supplementary Fig. 9a ).
Purified CaMKII catalyzed the phosphorylation of full-length and an N-terminal domain of Cdc20 (1-101) in vitro, and mass spectrometric analyses of phosphorylated Cdc20 revealed that CaMKII phosphorylated Cdc20 at Ser51, Ser84 and Ser86 (data not shown). Mutational analysis demonstrated that Ser86 and Ser51 contributed to CaMKII-mediated phosphorylation of Cdc20, whereas mutation (g) CaMKIIβ knockdown significantly increased total dendrite length compared to control, and Cdc20 RNAi significantly reduced total dendrite length in granule neurons in the presence or absence of CaMKIIβ RNAi (ANOVA, P < 0.0001). In total, 420 neurons were measured. (h) Expression of S51A Cdc20-RES, but not S51D Cdc20-RES, significantly increased total dendrite length compared to control vector or WT Cdc20-RES in the background of Cdc20 RNAi in granule neurons (ANOVA, P < 0.0001). In total, 428 neurons were measured. (i) Expression of T287D CaMKIIβ significantly reduced total dendrite length compared to control in the background of control vector or WT Cdc20, but not in the background of S51A Cdc20 (ANOVA, P < 0.0001). In total, 540 neurons were measured. Error bars, s.e.m. a r t I C l e S of Ser84 to alanine did not appreciably alter 32 P-ATP incorporation (Fig. 5c) , suggesting that CaMKIIβ does not stoichiometrically phosphorylate Ser84 in vitro. Notably, Ser51 but not Ser86 is evolutionarily conserved from zebrafish to humans. We therefore generated an antibody to specifically recognize Cdc20 phosphorylated at Ser51. The phospho-Cdc20 antibody recognized wild-type Cdc20 but not the Ser51 mutant of Cdc20 when Cdc20 was expressed with activated CaMKIIβ in cells (Fig. 5d) . Immunoblotting experiments using the phospho-Cdc20 antibody revealed that endogenous Cdc20 was phosphorylated at Ser51 in granule neurons, and knockdown of CaMKIIβ reduced endogenous Ser51-phosphorylated Cdc20 in neurons (Supplementary Fig. 9b) . Together, these results indicate that endogenous CaMKIIβ phosphorylates Cdc20 at Ser51 in neurons, raising the question of whether CaMKIIβ regulates the activity of Cdc20-APC at the centrosome to control dendrite patterning.
To determine the role of CaMKIIβ in regulating the ubiquitin ligase activity of centrosomal Cdc20-APC in neurons, we first used a Myc-PACT-securin-luciferase reporter, which is a validated readout of centrosomal Cdc20-APC activity in neurons 38 . The reporter encodes the first 88 amino acids of the mitotic Cdc20-APC substrate securin fused to firefly luciferase. This portion of securin harbors the destruction box (D-box), an APC degron 40 , and the PACT domain localizes the reporter to the centrosome 38 . A mutant version of the reporter containing a mutation in the securin D-box (securin-DBM) serves as control 40 . Thus, the ratio of securin to securin-DBM luciferase is inversely proportional to centrosomal Cdc20-APC activity 38 . As reported, Cdc20 knockdown increased the relative levels of the securin-luciferase reporter in granule neurons (Fig. 5e) 38 . By contrast, we found that CaMKIIβ knockdown reduced relative securin-luciferase reporter in neurons (Fig. 5e) , suggesting that CaMKIIβ inhibits centrosomal Cdc20-APC activity in neurons. CaMKIIβ knockdown also reduced levels of the centrosomal helixloop-helix protein Id1 (inhibitor of DNA 1) (Fig. 5f) , which is a physiological substrate of centrosomal Cdc20-APC in neurons 38 . Collectively, these data suggest that CaMKIIβ inhibits Cdc20-APC activity at the centrosome and the consequent degradation of its substrates in neurons.
In view of Cdc20-APC's function in dendrite growth and arborization, the finding that CaMKIIβ inhibits the activity of Cdc20-APC at the centrosome in neurons suggested that CaMKIIβ might stimulate dendrite retraction by regulating centrosomal Cdc20-APC activity. Consistent with this prediction, in epistasis analyses, Cdc20 knockdown suppressed the effect of CaMKIIβ knockdown on dendrite elaboration in granule neurons (Fig. 5g) . In addition, knockdown of the centrosomal Cdc20-APC substrate Id1 suppressed the ability of CaMKIIβ to induce dendrite retraction (data not shown). Together, these results suggest that CaMKIIβ stimulates dendrite retraction by inhibiting centrosomal Cdc20-APC activity in neurons.
Phosphorylation induces Cdc20 dispersion from the centrosome We next assessed the role of Cdc20 phosphorylation at Ser51 in CaMKIIβ-regulated dendrite patterning. Expression of Cdc20-RES promotes dendrite growth and elaboration in the background of Cdc20 RNAi 38 . We found that expression of a mutant Cdc20-RES protein in which Ser51 was replaced with the non-phosphorylatable residue alanine (S51A Cdc20-RES) stimulated dendrite growth more effectively than Cdc20-RES (Fig. 5h) . By contrast, expression of a mutant Cdc20-RES protein in which Ser51 was replaced with phosphomimetic residue aspartate (S51D Cdc20-RES) failed to stimulate dendrite growth (Fig. 5h) . Notably, expression of S51A Cdc20 but not wild-type Cdc20 substantially impaired the ability of constitutively active CaMKIIβ to induce dendrite retraction (Fig. 5i) . In other experiments, mutation of Ser84 or Ser86 had little or no effect on the ability of Cdc20-RES to drive dendrite elaboration (Supplementary Fig. 9c) . Collectively, our results suggest that CaMKIIβ phosphorylates Cdc20 at Ser51 and inhibits centrosomal Cdc20-APC activity in neurons, thereby triggering a switch from dendrite growth and arborization to dendrite retraction.
We next determined the mechanism by which CaMKIIβ-induced phosphorylation of Cdc20 inhibits Cdc20-APC function at the centrosome in neurons. Because the localization of Cdc20 at the centrosome is critical for its function in dendrite growth and arborization 38 , we asked whether CaMKIIβ phosphorylation of Cdc20 might interfere with the centrosomal localization of Cdc20. Indeed, expression of wild-type or constitutively active CaMKIIβ (T287D), but not the catalytically inactive K43R CaMKIIβ mutant or CaMKIIα, induced dispersion of endogenous Cdc20 from the centrosome in granule neurons (Fig. 6a,b and Supplementary Fig. 9d,e) . Expression of CaMKIIβ had little or no effect on centrosomal structure in neurons as monitored by endogenous pericentrin or co-transfection with GFPcentrin ( Supplementary Fig. 9e and data not shown). Conversely, CaMKIIβ knockdown reduced basal Cdc20 dispersion in granule neurons (Supplementary Fig. 9f ), suggesting that endogenous CaMKIIβ inhibits the centrosomal localization of Cdc20 in neurons.
To assess whether CaMKIIβ stimulates Cdc20 dispersion independently of CaMKIIα in neurons, we tested the effect of deletion of the association domain on the ability of CaMKIIβ to induce endogenous Cdc20 dispersion in granule neurons. The CaMKIIβ∆Assoc mutant protein induced Cdc20 dispersion as effectively as CaMKIIβ (Fig. 6c) , suggesting that the association domain is dispensable for CaMKIIβ-induced dispersion of Cdc20 in neurons. Deletion of the CTS in CaMKIIβ∆Assoc diminished its ability to induce Cdc20 dispersion (Fig. 6c) . Together, our results suggest that the protein kinase CaMKIIβ functions at the centrosome independently of CaMKIIα to drive Cdc20 dispersion in neurons.
To determine whether the regulation of Cdc20 localization by CaMKIIβ is relevant to dendrite morphogenesis, we first compared dendrite length in granule neurons showing centrosomal enrichment of Cdc20 with neurons in which Cdc20 was dispersed. Neurons with dispersed endogenous Cdc20 had substantially shorter dendrites than neurons with centrosomally localized Cdc20 (35.8 ± 10.2 µm in neurons with dispersed Cdc20 versus 105.5 ± 9.9 µm in neurons with centrosomal Cdc20; t-test, P < 0.01) (Fig. 6d and Supplementary  Fig. 9g) . In other experiments, dispersion of endogenous Cdc20 in granule neurons increased with maturation ( Supplementary Fig. 9h ), suggesting that Cdc20 dispersion correlates temporally with CaMKIIβ function in dendrite retraction and pruning. If Cdc20 dispersion from the centrosome is crucial for CaMKIIβ-induced dendrite retraction, then forcibly localizing Cdc20 to the centrosome should override the CaMKIIβ response. In control experiments, we found that although expression of T287D CaMKIIβ dispersed Cdc20, T287D CaMKIIβ failed to disperse a Cdc20 protein fused to the centrosome-localizing PACT domain (PACT-Cdc20) (Fig. 6e) , suggesting that PACT-Cdc20 is insensitive to CaMKIIβ regulation. Notably, in morphology assays, expression of PACT-Cdc20, but not wild-type Cdc20, suppressed the ability of T287D CaMKIIβ to promote dendrite retraction in granule neurons (Fig. 6f) . Collectively, these results suggest that Cdc20 dispersion from the centrosome is critical for CaMKIIβ regulation of dendrite patterning.
We next assessed the role of CaMKIIβ-induced Cdc20 phosphorylation at Ser51 in the control of Cdc20 localization to the centrosome. In immunocytochemical analyses using the phospho-Cdc20 a r t I C l e S antibody, we found that endogenous Ser51-phosphorylated Cdc20 immunoreactivity had a broader distribution beyond the centrosome in granule neurons, suggesting that the dispersed pool of Cdc20 is phosphorylated at Ser51 (Fig. 6g) . Expression of activated CaMKIIβ increased the number of neurons harboring phosphoSer51-Cdc20 immunofluorescence (Supplementary Fig. 9i) , whereas knockdown of endogenous CaMKIIβ but not CaMKIIα reduced the number of neurons with Ser51-phosphorylated Cdc20 (Supplementary Fig. 9j ). To directly test the importance of Ser51 phosphorylation in Cdc20 dispersion, we characterized the effect of mutations of Ser51 on Cdc20 localization in neurons. We found that the non-phosphorylatable S51A Cdc20 mutant protein seemed to be more enriched at the centrosome than wild-type Cdc20, whereas the phosphomimetic S51D mutant seemed to be less enriched at the centrosome (Fig. 6h) . Quantification of the Cdc20 immunofluorescence signal using line scan analyses revealed that the S51A Cdc20 signal peaked at the centrosome and showed a more limited distribution outside the centrosome (Fig. 6i) . By contrast, S51D Cdc20 had a widened centrosomal peak with a broader non-centrosomal signal (Fig. 6h,i) .
In other experiments, expression of T287D CaMKIIβ robustly induced dispersion of wild-type Cdc20 but not S51A Cdc20 from the centrosome in granule neurons (Fig. 6j) , suggesting CaMKIIβ induces Cdc20 dispersion in a Ser51 phosphorylation-dependent manner. Notably, addition of the PACT domain to S51D Cdc20 restored the ability of S51D Cdc20 to stimulate dendrite growth and elaboration, suggesting that the function of Ser51 phosphorylation Figure 3d . Arrows indicate the location of the centrosome, which is labeled with pericentrin. Scale bar, 5 µm. (f) Total dendrite length was significantly lower in T287D CaMKIIβ-expressing neurons than in control vector−transfected neurons in the background of Cdc20 (ANOVA, P < 0.0005), but not in the background of PACT-Cdc20. In total, 360 neurons were measured. (g) Granule neurons transfected with GFP-centrin were subjected to immunocytochemistry using the GFP or phosphoSer51-Cdc20 antibody. Arrows, centrosome (labeled with GFP-centrin). Scale bar, 5 µm. (h) Granule neurons transfected with GFP-Cdc20, GFP-S51A Cdc20 or GFP-S51D Cdc20 were analyzed as in e. Arrows, centrosome (labeled with pericentrin). Scale bar, 5 µm. (i) Line scan analysis of granule neurons treated as in h. Centrosome location was identified using pericentrin immunoreactivity. S51A Cdc20 had enhanced signal at the centrosome and reduced cytosolic signal compared to WT Cdc20. By contrast, S51D Cdc20 had reduced centrosomal signal and broader non-centrosomal signal compared to WT Cdc20 (based on peak centrosomal signal intensity, ANOVA, P < 0.0001). In total, 270 neurons were analyzed. (j) Expression of T287D CaMKIIβ significantly reduced the percentage of neurons with centrosomally enriched WT Cdc20 compared to control vector, but had little or no effect on the centrosomal localization of S51A Cdc20 (ANOVA, P < 0.01). In total, 361 neurons were analyzed. Error bars, s.e.m. a r t I C l e S is to localize Cdc20 away from the centrosome ( Supplementary  Fig. 9k ). These data suggest that CaMKIIβ-induced phosphorylation of Cdc20 at Ser51 triggers its dispersion from the centrosome, leading to the inhibition of centrosomal Cdc20-APC activity and the promotion of dendrite retraction in neurons. Collectively, we have elucidated a centrosomal CaMKIIβ signaling pathway that controls the patterning of dendrite arbors with important consequences for the establishment of neuronal connectivity in the mammalian brain (see model in Supplementary Fig. 10 ).
DISCUSSION
In this study, we have discovered the first isoform-specific catalytic function of CaMKIIβ in the mammalian brain. CaMKIIβ operates at the centrosome in a CaMKIIα-independent manner to drive dendrite retraction and pruning. CaMKIIβ localizes to the centrosome by forming a complex with the centrosomal trafficking protein PCM1. Accordingly, PCM1 is required for CaMKIIβ regulation of dendrite morphogenesis and the pruning of dendrites in postnatal rat pups in vivo. We have also identified the ubiquitin ligase Cdc20-APC, which is enriched at the centrosome in neurons, as a new substrate of CaMKIIβ. CaMKIIβ phosphorylates Cdc20 at Ser51 and thereby triggers the dispersion of Cdc20 from the centrosome, culminating in the inhibition of centrosomal Cdc20-APC activity and consequent dendrite retraction. Collectively, our findings define a novel isoformspecific function of CaMKIIβ that regulates ubiquitin-dependent protein degradation at the centrosome and thereby orchestrates dendrite patterning in mammalian brain neurons. The identification of an unexpected function for CaMKIIβ in dendrite retraction and pruning has considerable ramifications for our understanding of the major protein kinase CaMKII. As the predominant CaMKII isoforms in the brain, CaMKIIα and CaMKIIβ form holoenzyme complexes in neurons [16] [17] [18] . However, nearly all of the reported functions of CaMKII have focused on CaMKIIα in homomeric or heteromeric complexes [19] [20] [21] [22] . Accordingly, CaMKIIβ has been previously relegated to a largely redundant role within CaMKIIα heteromeric complexes or as a scaffold recruiting CaMKIIα to specific cellular locales such as dendritic spines [34] [35] [36] . Our finding that CaMKIIβ operates at the centrosome in a CaMKIIα-independent manner unveils a biological function for CaMKIIβ homomeric complexes. Thus, rather than simply contributing to CaMKIIα complexes, CaMKIIβ homomers have a major biological function at the centrosome as drivers of dendrite retraction and pruning and consequent neuronal connectivity in the mammalian brain. During brain development, CaMKIIβ expression peaks earlier than CaMKIIα 41 . Therefore, it will be interesting to determine in future studies whether centrosomal CaMKIIβ homomeric complexes might also contribute to earlier aspects of neuronal development in which centrosomal signaling is thought to be critical, including neuronal polarization and migration 42, 43 . Beyond the nervous system, it will be important to identify the role of CaMKIIβ homomers in cellular homeostasis and development in other organ systems.
Elucidation of the CaMKIIβ-Cdc20 signaling link at the centrosome provides a mechanism by which CaMKIIβ promotes dendrite retraction and pruning. By inducing the phosphorylation of Cdc20 and inhibiting Cdc20-APC ubiquitin ligase activity at the centrosome, CaMKIIβ triggers a switch from dendrite growth and elaboration to dendrite retraction and pruning. These findings suggest that the centrosome may represent a critical signaling platform that integrates diverse cellular signals to determine the phase of dendrite morphogenesis in neurons. In view of the fundamental role of centrosome signaling in diverse systems from the control of cell polarity and migration to ciliary morphogenesis to vesicular transport 43 , it will be interesting to explore whether centrosomal CaMKIIβ phosphorylation of Cdc20, or of other substrates that have yet to be identified, might contribute to these diverse biological processes.
The identification of the CaMKIIβ-Cdc20 signaling link also advances our understanding of the regulation of the major ubiquitin ligase Cdc20-APC. CaMKIIβ phosphorylates Cdc20 at Ser51, inducing dispersion of Cdc20 from the centrosome and inhibiting centrosomal Cdc20-APC activity. The phosphorylation-dependent control of the subcellular localization of Cdc20 represents a new mode of regulation of the ubiquitin ligase Cdc20-APC. Of note, CaMKIIβ had little or no effect on Cdc20 binding to core APC subunits, the in vitro ubiquitin ligase activity of Cdc20-APC, or Cdc20 polyubiquitylation (data not shown), highlighting the significance of Cdc20 dispersion as a crucial cellular mechanism for regulating centrosomal Cdc20-APC activity. Future research should explore whether Cdc20 has more roles outside of the centrosome, bearing in mind the possibility that Cdc20 dispersion might be part of a developmental program that coordinates dendrite patterning with other steps in the establishment of neuronal connectivity.
Although CaMKIIβ and CaMKIIα are similar in their catalytic, autoregulatory and association domains, they diverge in their variable region 41 . We have identified a CTS in the unique variable region of CaMKIIβ that provides spatial specificity for CaMKIIβ function. Further, we have found that the CTS mediates the interaction of CaMKIIβ specifically with the centrosomal targeting protein PCM1. Although PCM1 targets structural proteins to the centrosome 44 , our findings suggest that PCM1 may also drive the centrosomal localization of signaling proteins. Notably, in addition to interacting with CaMKIIβ, endogenous PCM1 formed a complex with endogenous Cdc20 in neurons (data not shown). These observations suggest that beyond recruiting CaMKIIβ to the centrosome, PCM1 may also operate as a scaffold protein that organizes the CaMKIIβ-Cdc20 signaling pathway at the centrosome.
Although signaling and cell-intrinsic mechanisms that promote dendrite growth have been the subject of substantial interest [5] [6] [7] [8] , the master regulatory mechanisms that govern the developmental transition from dendrite elaboration to dendrite pruning in the mammalian brain have remained to be elucidated. The identification of centrosomal CaMKIIβ signaling as a mechanism that restricts dendrite elaboration and promotes dendrite pruning suggests that pathways that actively drive dendrite retraction have evolved to sculpt dendrite arbors and thus establish accurate neuronal circuits. As abnormalities in dendrite development represent prominent pathological features in mental retardation and autism spectrum disorders 4, 45, 46 , it will be interesting to determine whether deregulation of centrosomal CaMKIIβ signaling contributes to the pathogenesis of neurodevelopmental disorders of cognition.
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